An important property of many intracellular pathogens is the ability to enter normally nonphagocytic mammalian cells (10, 15, 28) . The enteropathogenic Yersinia species Y. pseudotuberculosis and Y. enterocolitica infect the host via contaminated foodstuffs and breach the intestinal epithelial barrier en route to deeper tissues (40) . These pathogens are able to enter a wide variety of cell types in vitro (4, 6) . Studies have revealed that enteropathogenic yersiniae possess at least three pathways for entry into the host cell (17, 31) . The Y. pseudotuberculosis inv gene was identified by its ability to convert the normally noninvasive laboratory strain Escherichia coli K-12 into an efficient invader of mammalian cells in vitro (18) . A similar analysis of Y. enterocolitica identified a second gene, ail, which could mediate bacterial invasiveness when expressed in E. coli (29) . Finally, in inv mutants of Y. pseudotuberculosis, the large virulence plasmid present in all clinical isolates of yersiniae mediates yet a third mechanism for cellular penetration (16) .
inv-Mediated penetration is the best characterized of the three pathways. inv encodes an outer membrane protein, invasin, that binds to p1-chain integrin receptors and promotes entry into the host cell (20) . Mammalian cells were shown to bind to invasin linked to microtiter wells or invasin transferred to filter replicas of sodium dodecyl sulfate (SDS)-polyacrylamide gels (19) . We show here that immobilizing bacteria on filter membranes allows for a specific detection of invasin-mediated cell-binding activity. To first determine if invasin-mediated binding activity could be detected in bacterial colonies, we used the T7 promoter vector expression system (36) to overproduce invasin in E. coli MC1000 or SW5AA2Q, a protease-deficient strain that has been used previously to minimize degradation of invasin derivatives (25) . Colonies were thermally induced to express invasin (or invasin deletion derivatives), transferred by toothpick to Immobilon filters (Millipore Corp., Bedford, Mass.), and lysed by sequential 30-min incubations on 3MM paper (Millipore Corp.) soaked in 1 mg of lysozyme per ml in 10 mM Tris (pH 7.9)-25 mM EDTA and then in 0.1% SDS in 10 mM Tris (pH 7.9). To diminish the background signal due to bacterial alkaline phosphatase (see below), the filters were air dried and rewet in methanol and phosphate-buffered saline (PBS). After being washed two times in PBS, the filters were blocked overnight in 5% nonfat dry milk in PBS. Dispersed HEp-2 epithelial cells (ATCC CC123) were prepared and incubated with the filters as previously described (19, 25) . The filters were washed three times in PBS and fixed in 1% glutaraldehyde (E. M. Corp., Chestnut Hill, Mass.) in 100 mM PIPES (piperazine-N,N'-bis(2-ethanesulfonic acid; pH 6.9-S150 mM KCI-4 mM MgCl2 for 20 min at room temperature. After the fiters were washed, bound HEp-2 cells were stained by using the alkaline phosphatase substrate bromo-chloro-indolyl phosphate as previously described (25) .
HEp-2 cells bound to colonies that overproduced invasin in strain MC1000 or SW5AA2Q (Fig. 1A) . No binding was observed when binding-defective carboxyl-terminal deletions of invasin (InvA97N and InvA94N) were expressed, indicating that the cell-binding activity observed was due to functional invasin. As expected, given that the bacteria were lysed on the filter, proper localization of invasin in the outer membrane was not required to detect cell attachment. InvA53C, an amino-terminal deletion which retains binding activity but is not secreted to the outer membrane, gave a positive signal in this assay ( Fig. 1A) (25) . In apparently because of lysis in the absence of lysozyme and SDS (data not shown). We routinely omitted the lysis step when testing bacteria that localize invasin on their surface.
Invasin expressed from a single copy of inv could also be detected. The inv gene and a deletion derivative were crossed from pEMBL18-derived plasmids onto Xgtll by recombination using the lacZ gene homology (9, 22) . XgtllinvA8-15 carries the entire inv gene (22) , and E. coli lysogens of this phage are TCI+, i.e., invasive in the tissue culture model (data not shown). XgtllinvA72-1, carrying only the amino-terminal one-third of the inv gene, is an inv mutant. As shown in Fig. 1A , colonies of MC1000(Xgtll invA8-15) but not MC1000(Xgtll) or MC1000(XgtllinvA72-1) bound HEp-2 cells.
We investigated the ability of Yersinia species to mediate cell attachment in this assay. Y. pseudotuberculosis YP211(P+) and YP211(P-), which carry a wild-type inv gene as well as inv-J::kan (Table 1) , were able to bind HEp-2 cells (Fig. 1B) .
The inv mutant bacteria YP212(P+) and YP212(P-) were unable to mediate binding to filter membranes (Fig. 1B) , even though they possess other mechanisms that normally allow binding to mammalian cells (16) . Clinical isolates of Y. enterocolitica 8081 and 23/85 (30) were also able to bind HEp-2 cells (Fig. 1C) . As is the case for Y. pseudotuberculosis, this binding is obviously independent of the virulence plasmid, because a plasmid-cured derivative of 8081, termed 8081c, retained activity. All three strains are TCI+, i.e., invasive in the tissue culture model, and contain inv and ail sequences (28a, 30). The five environmental isolates of Y. enterocolitica tested are noninvasive, lack the ail gene, and harbor a nonfunctional inv gene (30, 32) . None of these strains bound HEp-2 cells (Fig. 1C) . It seems likely that the observed cell attachment is due to Y. enterocolitica invasin protein (which is homologous to. Y. pseudotuberculosis invasin [41] ), but we cannot exclude the possibility that the ail gene product or some other adhesive factor(s) contributed to the observed binding.
In order to quantitate the sensitivity of this technique, 2 ,ul of each serial dilution of Y. pseudotuberculosis was spotted onto Immobilon filters and tested for cell attachment. As few as 8 x 104 YP211 inv+ gave a detectable signal when grown at 28°C in L broth (Fig. 2) . Interestingly, when grown at 37°C, 5-to 10-fold more bacteria were required to give a comparable signal (Fig. 2) , as was expected from the known thermoregulation of invasin (21) .
To determine if this assay could detect adhesins or invasins encoded by other bacterial pathogens, several pathogens were screened for their abilities to mediate HEp-2 cell binding to filter membranes. These included enteroinvasive, enteropathogenic, and enterohemorrhagic E. coli, Aeromonas sobria, Aeromonas hydrophila, Salmonella typhimurium, Salmonella choleraesuis, Salmonella enteritidis, Campylobacter jejuni, Campylobacter fetus, Legionella pneumophila, Listeria monocytogenes, and B. burgdorferi. Of these, only B. burgdorferi, the causative agent of Lyme disease, consistently gave a positive cell-binding signal. B. burgdorferi G39/40, a high-passage-number noninfectious strain, was grown to late log phase, washed in PBS, and lysed by sonication. The insoluble fraction was isolated by centrifugation and tested for cell attachment activity after being spotted onto an Immobilon filter. We found that the drying-rewetting step used to decrease the background alkaline phosphatase activity also diminished the cell-binding activity of B. burgdorferi fractions. When this step was omitted, as little as 5 jxg of this membrane fraction (26) could mediate binding of HEp-2 cells (Fig. 3A) . No binding activity could be detected in the soluble fraction. Scanning electron microscopy confirmed that the dark spots on the filter were bound mammalian cells (data not shown). To test whole infectious bacteria, B. burgdorferi 297 and N40 were grown to mid-logarithmic phase, washed twice in PBS, and spotted onto Immobilon filters. Cell attachment was evident even in the absence of a lysozyme-SDS lysis step (Fig. 3B) . Approximately 106 B. burgdorferi were required to detect binding, or about 10-fold more organisms than were required to detect binding by Y. pseudotuberculosis in this assay (Fig.  3B) .
We report here that colonies of bacterial strains expressing the invasjn cell-binding domain can mediate attachment of mammaliah cells to filters. Only one of the other bacterial pathogens tested mediated cell attachment in this assay. It is likely that for some of the pathogens tested, e.g., S. choleraesuis, specific growth conditions are required for full expression of adhesive proteins (24) . It is also likely that a highly avid interaction is required to detect adhesion of mammalian cells to immobilized bacteria, and most adhesins may not bind mammalian cells tightly enough. For example, the Kd for invasin binding to its receptor, a5p1, is approximately 5 x 10' M (39), while the affinity of the E. coli fimbrial-tip adhesin with its receptor is much lower (estimated intrinsic association constant of 6 x 106 M-1 [13] ). It is certainly plausible that B. burgdorferi, the one pathogen for which cell attachment was observed, would bind mammalian cells particularly avidly. This organism has been shown to bind a wide variety of cell types (11, 38) and has been reported to invade endothelial cells in culture (7, 27) . It remains to be determined if the binding activity described here is involved in cellular penetration. Because B. burgdorferi requires serum and high concentrations of albumin for in vitro cultivation (1), it is also not known whether cell attachment is mediated directly by a bacterial protein or whether the bacterium coats itself with a host protein which mediates cell binding. For example, many bacteria, including the spirochete Treponema pallidum, encode fibronectinbinding proteins (34, 37) .
Not all pathways of bacterial adhesion are detected with this method, so a single pathway can be analyzed independently of other adhesive activities. Additionally, because of the simplicity of this assay, large numbers of colonies can be screened easily, facilitating a genetic analysis of the bacterial factors that promote cell attachment. We have used this assay to isolate point mutants of invasin that diminish cell attachment and penetration (25a). Finally, the ability to detect cell attachment activity of proteins after bacterial lysis should allow the detection of adhesins that are not secreted to the outer membrane of E. coli. Therefore, a straightforward genetic analysis of adhesins from unrelated organisms may be possible in E. coli K-12.
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